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Abstract—In contrast to graphene which is a gapless 
semiconductor, graphane, the hydrogenated graphene, is a 
semiconductor with an energy gap. Together with the two-
dimensional geometry, unique transport features of 
graphene, and possibility of doping graphane, p and n 
regions can be defined so that 2D p-n junctions become 
feasible with small reverse currents. This paper introduces a 
basic analysis to obtain current-voltage characteristics of 
such a 2D p-n junction based on graphane. As we show, 
within the approximation of Shockley law of junctions, an 
ideal I-V charactristic for this p-n junction is to be expected.  
 
Index Terms— Graphane, Graphene, p-n Junction 
 
I. INTRODUCTION 
 
          raphene is a one-atom thick planar sheet of sp2-bonded 
         carbon atoms that are packed in honeycomb crystal 
lattice. Its two-dimensional (2D) structure provides many 
advantages for novel electronic and optical devices. 
However, graphene is a semimetal with zero band gap. While 
it is possible to control the conduction of graphene with the 
use of a gate, it would be impossible to turn the conduction 
off below a certain limit [1]. The difficulty of overcoming 
this fundamental challenge may not be overemphasized; 
however, several methods of producing a band gap in 
graphene have already been proposed and demonstrated [2-
6].  
Being a gapless material, it is impossible to create 
effective n and p regions using chemical dopants, so that any 
resulting p-n junction would have an undesirable leakage 
current. It seems however that graphane can be a suitable 
replacement. Graphane is an extended two dimensional 
covalently bonded hydrocarbon. It is a fully saturated 
hydrocarbon derived from a single graphene sheet with 
formula C6H6. All of the carbon atoms are in sp3 
hybridization forming a hexagonal network and the hydrogen 
atoms are bonded to carbon on both sides of the plane in an 
alternating manner. It is predicted that graphane is a 
semiconductor with direct energy gap of about 3.6eV and, 
because of its structure and low dimensionality, it provides a 
fertile playground for fundamental science and technological 
applications [7]. Recently, successful synthesis of graphane 
has been reported [8,9]. 
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In this paper, we analyze a 2D p-n junction based on 
doping of a modified graphane sheet. The graphane structure 
is supposed to encompass hydrogen deficiency, so that its 
stoichiometric composition would be given be C6H6−x. We 
use tight-binding method to show how hydrogen deficiency 
may be exploited to reduce the band gap of graphane from 
3.6eV down to about 1.1eV. This reduction is essential to 
increase the conductivity of doped graphane. We make an 
electrostatic analysis of the junction together with 
Shockley’s law to show that an ideal diode rectification may 
be expected. 
 
II. ANALYSIS 
 
Upon joining the n and p regions under equilibrium 
condition, we expect an alignment of energy bands as 
illustrated in Figure 1. The energy bands on either side of the 
junction are separated by the constant potential Vb times the 
electron charge q, given by  
 
( )N PqV E E Egapb δ δ= − +             (1) 
 
To a good approximation, we can consider the charge within 
the transition region as due only to uncompensated donor 
and acceptor ions and neglect carriers, thus 
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in which ND and NA are donor and acceptor ions respectively. 
ni is intrinsic electron concentration, given as 
 
 
 
 
Fig. 1. Separation of energy bands upon construction of p-n junction 
in an equilibrium condition. 
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As we deal with a 2D electron system, the total density of 
states is given by 
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where En are the energies of quantized states and  
u(E–En) is the Heaviside unit step function. 
The effective density of states is introduced in order to 
simplify the calculation of the population of the conduction 
and valence band. The basic simplification model is that all 
band states are assumed to be located directly at the band 
edge. 
The effective density of states at the bottom of the 
conduction band is now defined as the density of states 
which yields, together with the Maxwell-Boltzmann 
distribution (as the high-temperature approximation to 
Fermi-Dirac distribution of non-degenerate semicon-ductor), 
the same electron concentration as the true density of states, 
that is 
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where Nc is the effective density of states at the bottom of the 
conduction band and EC is the energy of the bottom edge of 
this band. 
By similar arguments, the effective density of states at the 
top of the valence band is 
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The upper limit of the integration over energy can be taken to 
be infinity without loss of accuracy, due to the rapidly 
decaying Boltzmann factor.  
By assuming an isotropic electron energy surface, the 
carrier effective mass in conduction and valence band is 
approximated by the carrier effective mass at the bottom of 
the conduction band and top of the valence band, 
respectively. Thus reciprocal effective mass is introduced by 
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The curvature of conduction and valence bands is here 
calculated from the band structure obtained via tight-binding 
(TB) method, which is shown in Figure 2. Model parameter 
values are Es=−5.16eV, Ep=2.29eV, Es*=−4eV, Vssσ=−4.43 
eV, Vspσ=3.79eV, Vppσ=5.57eV, Vppπ=−1.83eV, Vss*σ=−3.5eV, 
Vs*s*σ=0.0eV, Vs*p σ=4.0eV for sp3 tight-binding model (s and 
p respectively refer to 2s and 2p orbitals of carbon and s* 
refers to 1s orbital of hydrogen atom). 
As it can be verified, graphane has an energy gap about 
3.6eV at Γ point in agreement with theoretical predictions 
[7]. We obtain therefore the carrier effective mass in 
conduction and valence bands as 
 
0Cm m=             (10) 
00.8Vm m=             (11) 
 
Using (6) and (7) at 300K, we have 
 
17 21.1 10CN m
−= ×             (12) 
16 28.3 10VN m
−= ×            (13) 
16 28.6 10n mi
− −= ×
           
(14) 
 
The numerical estimate for the intrinsic carrier density of 
graphane is evidently too low for practical applications.  
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Fig. 2. Graphane energy band structure using TB method. 
 
Fig. 3. Graphane energy band structure after omitting the 
hydrogen atom as described in text, using TB method. 
 
Fig. 4. Transition region for a 2D p-n junction. 
 
Considering (7), it is clear that by increasing energy gap or 
decreasing temperature in a semiconductor, behavior of the 
semiconductor is going to be like an insulator. One of the 
simplest ways to reduce the energy gap is to bring up 
hydrogen deficiency in graphane structure; we have 
demonstrated the applicability of this idea to graphene to 
open up an energy gap [6].  
   The easiest way is to omit one hydrogen atom of the unit 
cell from one side of graphane, which can be realized by 
hydrogenating the unsuspendend graphene sheet on one side 
only with the stoichiometric formula C6H3. This means that 
in the graphane unit cell, the hydrogen atom bonded with 
center carbon atom is omitted. TB calculation (Figure 3) 
reveals that in this condition, the energy gap will decrease to 
1.16eV. Chemical modification suggests that graphene can 
be altered chemically without breaking its resilient C-C 
bonds [10–14]. Recently, in this field, the idea of attaching 
atomic hydrogen to each site of the graphene lattice is 
mentioned which leads to create graphane [7]. In graphane 
the hybridization of carbon atoms changes from sp2 into sp3 
and an energy gap will open [7-9,15]. As we know, graphene 
crystals are typically prepared by use of micromechanical 
cleavage [16] of graphite on top of an oxidized Si substrate. 
So we access only one side of the graphene for hybridization. 
It should be noted that single-sided hydrogenation of a 
suspendend graphene, however, would create a material that 
is thermodynamically unstable [7-9,15]. Recently, some 
properties of graphane with hydrogen frustration has been 
studied using ab initio calculations [17]. 
Because realistic graphene samples are not 
microscopically flat but always rippled [18,19], the lattice is 
already deformed in the direction that favors sp3 bonding 
which facilitate their single-sided hydrogenation [9].  
Using (6) and (8) at 300K, the effective density of states 
and intrinsic concentration now become 
 
17 22.1 10CN m
−= ×            (15)  
17 22.6 10VN m
−= ×                          (16) 
7 24.5 10n mi
−= ×
           
(17)  
 
Usually we dope semiconductors within the range of 103-1010 
times larger than the intrinsic carrier density ni. Thus, we 
choose NA = 4×1012 m-2 for the acceptor concentration of a p-type semiconductor and  
ND = 1012 m-2 as the donor concentration for n-type semiconductor. Now, using (2) the junction built-in voltage 
Vb is calculated to be about 0.5 eV. 
To investigate the properties of a 3D junction, we have 
space charge within the depletion region. But for a 2D 
junction, there is a surface charge spread form n side to p 
side. In order to analyze the electric field distribution, we 
divide this charge sheet into infinitely many thin wire line 
charges, with constant charge densities λ1 and λ2 in n and p 
regions, respectively. This idea has been illustrated in Figure 
4.  
Now the electric field due to each line charge is 
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where r is measured with respect to the symmetry axis of the 
line charge. Thus, the total electric field over the surface of 
the junction leads to the following set of  equations 
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where  
 
1,2 1,2 2L λ πε=             (23)  
 
This electric field distribution is shown in Figure 5 for the 
numerical estimates in (15) through (17). Integrating (19) 
through (22) gives the potential distribution, which is plotted 
in Figure 6. 
   Supposing the dipole about the junction must have an equal 
number of charges on either side, the transition region may 
extend into the p and n regions unequally, depending on 
relative doping of the two sides. Thus 
 
0 0A p D nq N x q N x=               (19) 
 
where xp0 and xn0 are the penetration of the charge region into 
p and n side respectively. Considering (19) through (22) and 
the contact potential Vb, we can calculate the width of the 
depletion region as 0.5µm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
III. CURRENT-VOLTAGE CHARACTERISTICS 
 
By applying bias voltage, we expect the minority carrier 
concentration on each side of a p-n junction to vary with the 
applied bias because of variations in the diffusion of carriers 
across the junction. Here, we want to derive the distribution 
of excess carriers for each side of the junction ( ,p nδ δ
 
in n 
and p sides, respectively).  
From the continuity equation we obtain for the steady- 
state condition in the n-side of the junction 
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In these equations, R is the net recombination rate. Due to 
charge neutrality, majority carriers need to adjust to charge 
neutrality, majority carriers need to adjust their 
concentrations such that 0 0n n n nn n p p− = − . It also 
follows that n ndn dx dp dx= . Multiplying (27) by p npμ  
and (28) by n nnμ , we obtain 
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From the low-injection assumption e.g. pn<<nn in the n-type 
semiconductor, (29) reduces to  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. The electric field distribution for a 2D p-n junction. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. The potential distribution for a 2D p-n junction. 
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We suppose that Shockley’s law of junction [20] is valid at 
the boundary of the depletion-layer region on the n-side 
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Also at distance far from the depletion region, we get 
 
0( )n np x p=∞ =            (28) 
 
The solution of (31), with boundary conditions of (32) and 
(33), for each point xi located out of the depletion region with 
electrical field E(xi) gives 
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At 0nx x= , the hole diffusion current is 
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Similarly, we obtain the electron diffusion current in the p-
side as 
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Fig. 7. I-V chareactristics of an ideal 2D p-n graphane junction. 
 
The total current is given by the sum of (36) and (37) 
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The current-voltage relation is shown in Figure 7 on linear 
voltage and current scales. This is quite similar to the 
behavior we expect from an ordinary ideal p-n junction 
fabricated in the bulk of semiconductors. 
 
IV. CONCLUSIONS 
 
We have introduced a 2D p-n junction based on graphane 
with hydrogen deficiency to reduce the band gap effectively. 
Fundamental parameters have been extracted from graphane 
band structure calculated using a tight-binding method. 
Using a basic analysis we have shown that within the 
approximation of Shockley law of junctions, an exponential 
ideal I-V charactristics is expectable. We furthermore have 
calculated the surface distribution of electric potential and 
field in the vicinity of the junction and devised simple 
expressions, marking a significant difference to the 
semiconductor bulk p-n junctions. 
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